Introduction
Accelerated climate change is a problem affecting all ecosystems on Earth. It is unequivocal that temperature has increased since preindustrial times more rapidly than earlier and extremely likely that human influence is the dominant factor of this change (IPCC 2013) . Such temperature changes have a direct influence on the processes that determine local weather, chiefly precipitation, wind, and the frequency and (or) intensity of extreme weather events (IPCC 2007) . These changes threaten urban areas. Not only do cities contain the majority of the world's population (UN-HABITAT 2012) , but their microclimatic envelope may enhance future temperature increases (e.g., McCarthy et al. 2010 ). Besides temperature changes, cities will also be affected by extreme events such as droughts, floods, storms, and heat waves, and long-term resource issues such as water scarcity and increased air pollution (Wilby 2007 ).
Adaptation to climate change -that is, the adjustment of natural or human systems to cope with its consequences (Smit and Pilifosova 2001) -is an important response. A common adaptation strategy in North American cities is the enhancement of urban trees (e.g., planting 1 million trees, City of New York 2011; doubling tree canopy, City of Toronto 2008). Urban trees provide a wide range of environmental and economic services including climate amelioration (Gill et al. 2007; Shashua-Bar and Hoffman 2000) . However, the fact that climate change also threatens them has been largely overlooked. If climate adaptation using urban forests is important for cities, then one must consider also the effects of a changing climate on the trees in the city.
There is evidence that municipalities are starting to address the effects of climate change in their urban forests. For instance, the threat of climate change is a prevailing theme in urban forest research agendas (Wolf and Kruger 2012; James et al. 2009 ) and climate impact assessments have been undertaken for a few urban forests (Yang 2009 ). However, a thorough understanding of urban forest vulnerability is lacking. Climate change vulnerability assessments (CCVAs) can be undertaken to provide a systematic understanding of ecosystem vulnerability, identify adaptation strategies, and help gear future management decisions that reduce climate impacts and enhance resilience (Füssel and Klein 2006) . Today there is little understanding of how CCVAs can be carried out for urban forests.
The purpose of this paper is to review and integrate the literature on urban forest vulnerability to climate change to inform how to carry out a CCVA for urban forests. It is not the intention of this study to provide an exhaustive examination of all urban forest and climate change literature, but rather discuss the most important vulnerability issues pertaining to urban forests. We focus our review on northern locations, particularly North American and European urban forests, but recognize that ideas may emerge that are applicable to similar treed urban landscapes.
Defining what we mean by urban forests is necessary before this review can proceed.
Today there is a widely accepted definition that the urban forest is all the natural or planted trees in urban areas (Rowntree 1984) . The above definition is preferred in North America, while some European countries see urban forests as woodlands adjacent to the city (Konijnendijk et al. 2006) . This paper uses the North American definition, but interpreted to mean not only the trees but also the associated biotic and abiotic elements of the ecosystem. We recognize that urban forest structure is highly differentiated (Nowak 1993) , which means that urban trees can be remnants of natural native forests or be deliberately grown, be found in natural forest stands, in managed stands (like in a park), arranged in lines along streets, or as single trees, and be close to infrastructure and (or) people. Their biophysical connectivity is not the same as hinterland forest, yet, whether natural and adjacent to the city, or isolated in a street, urban trees are connected to the wider physical and social environment of the city (Rowntree 1998) . As the focus of management, the urban forest can be seen as all the trees within the municipal boundaries, although this also may vary according to the local community's view. Either way, this broad definition of urban forests allows management to embrace the ecosystem as a whole, with all the ecological and social considerations this entails, which is a crucial perspective to address climate vulnerability of urban forests, as will be discussed.
The paper is laid out in the following way: in the first section we discuss climate change vulnerability concepts. The second section delves into a discussion of urban forest exposure to climate change and its possible impacts. The third section discusses how climate sensitivity and adaptive capacity can be interpreted for urban forests. The practical implications of undertaking a CCVA for urban forests are discussed in a later section.
Climate Vulnerability
Vulnerability is an important concept that helps grasp how a system is predestined to react to change (Timmerman, 1981) . In general, vulnerability refers to the characteristics of a system that make it prone or unresilient to change (Adger, 2006) . Vulnerability has been a pivotal concept in changing the climate discourse from one of mitigation and impact assessment to one of adaptation and vulnerability assessment (Burton et al., 2002) .
Vulnerability is a broad term with myriad interpretations Berkes, 2007) . However, there is a general understanding that vulnerability is defined in the context of the system under consideration, the factors of vulnerability, the nature of the hazard or threat, and the time scale (Füssel, 2007) . Factors of vulnerability may include exposure to the threat as well as the internal and external biophysical and socioeconomic characteristics of the system, such as its particular sensitivity, adaptive capacity, and the non-climatic factors and drivers that influence it (Füssel & Klein, 2006) . Exposure is the nature and extent to which the system is exposed to significant climate variation, which encompasses temperature increases, precipitation changes, weather extremes and variability, among other elements. Sensitivity relates to the characteristics of a system that determine how it may react to exposure. Finally, adaptive capacity is the ability or potential of a system to respond successfully to change (Adger et al., 2004) . This general framework applies to many types of ecosystems, including forests (Johnston & Williamson, 2007) and cities (Tyler & Moench, 2012) both of which inform urban forest climate vulnerability, as we shall see in the next section.
Regardless of the extent of the system, adaptive capacity usually involves coping characteristics related to socioeconomic factors (Yohe & Tol, 2002) . Elements such as the existence of management institutions, their budgets, the quantity and level of skills of the staff employed, the ownership regime, governance and policy, social awareness and engagement, and economic valuation would all make a system more or less vulnerable (Kelly & Adger, 2000; Adger et al., 2004) . What this means for ecosystems is not only that communities influence them, but that ecosystem vulnerability to climate change depends on a community's perception of risk; that is, climate vulnerability only has meaning in a social context (Berkhout et al., 2002) . Thus, an understanding of ecosystem vulnerability requires a tacit knowledge of the values and expectations placed on it by a broad set of social actors at the local level (Adger, 1999; O'Brien et al., 2004) .
Ultimately, these values determine the way we think that climate change affects the ecosystem, how it affects us, and what we consider vulnerable or not.
Understanding ecosystem vulnerability to climate change is a requirement to develop adaptation strategies. Adaptation is the adjustment of a system in response to, or in anticipation of, changing environmental conditions, and it depends on the system's vulnerability, degree of impact, level of risk, and adaptive capacity (Brooks, 2003) .
Because adaptation can be planned, autonomous, anticipated, or reactionary, a move towards anticipated and planned adaptation can help reduce a system's vulnerability and increase its resilience (Adger et al., 2007) . A vulnerability assessment can be the first step in this direction, providing a theoretical underpinning for differentiating which elements of the ecosystem will likely thrive and which will decline (Turner et al., 2003) . It is important to note, however, that adaptation planning functions at a broader scale than a vulnerability assessment. Adaptive responses may be focused on particular vulnerabilities of that ecosystem, but not on others, due to practical or ideological reasons. Adaptive responses may be solely based on an impact assessment, although many authors would refer to this as impact mitigation instead of genuine adaptation (Burton et al., 2002) .
Thus, an understanding of ecosystem vulnerability serves as a central cog in climate adaptation (Pielke, 1998) .
Cities are crucial centres for climate adaptation and mitigation. Understanding vulnerability in urban areas is crucial for sustaining the economic activities of cities and the well-being of urban residents (Hallegatte & Corfee-Morlot, 2011) . While urban climate change vulnerability research is growing in areas like water resources (Hunt & Watkiss, 2011) , and coastal hazards (De Sherbinin et al., 2007) , other areas such as natural services are still underdeveloped. One of the most important aspects of green infrastructure, which encompasses many natural services, is urban trees. They are wellcited in academic and non-academic literature as being a possible adaptation strategy for urban climate adaptation (e.g. Hamin & Gurran, 2009; Zimmerman & Faris, 2010; Romero-Lankao & Qin, 2011) . However, their vulnerability to climate change is not well understood. Below I elaborate on how climate vulnerability can be understood for urban forests.
Urban Forest Exposure and Impacts to Climate Change
Though climate change effects will vary across the globe, even modest projections suggest a considerable global mean surface temperature increase of 1.1-2.9°C by midcentury, and as much as 1.7-4.4°C if greenhouse gases (GHGs) continue to rise through late-century (Meehl et al., 2007) . Vegetation in ecosystems will show the most prominent responses to climate change due to the dependence of global plant distribution on temperature (Parmesan & Yohe, 2003) . The long-term effect of temperature increases will be that productivity falls (Fischlin et al., 2007) as air pollution and seasonal climate variability, both exacerbated by warmer weather, slow tree growth and cause stress (Bugmann & Pfister, 2000; Mohan et al., 2009 ). Forest range shifts will be a prominent latitudinal response in Northern areas (e.g. Kirilenko et al., 2000; Iverson & Prasad, 2002; McKenney et al., 2007; Bourque et al., 2010) , restricting certain tree species to smaller areas or expanding the habitat range of others. Moreover, a higher concentration of CO2 in the atmosphere may drive biomass growth in forests (Idso & Idso, 1994) .
However, much uncertainty remains about the positive effect of CO2-fertilization on forest productivity, with the problems of upscaling in modelling from plants to forests, and the role of limiting factors such as soil quality, being some of the top reasons to be skeptical about these positive effects (Oren et al., 2001 ). Thus, this exposure element is not included in this review. In addition, changes in disturbance regimes will also occur, such as storms, hurricanes, windstorms, pathogens, fire, drought, flooding, landslides, and their interactions (Dale et al., 2001) . At the top of short-term concerns are invasive species and insect pests, which may rapidly become more widespread and abundant (Logan et al., 2003; Dukes et al., 2009; Smith et al., 2012) , as well as wind (e.g. Peterson, 2000) and fire (e.g. Flanningan et al., 2000) damage.
Our understanding of urban climate exposure depends on the local downscaling of climate projections of temperature, precipitation, variability, extreme events, and sealevel rise (Wilbanks & Kates, 1999) . As I discussed in Chapter 6, because of high resolution and the changing nature of local weather, good approximations of future urban climate are hard to obtain. Current climate projections do not account for urban areas due to the small climate potential (Stone, 2007) . However, certain inferences can be made from regional approximations by taking into consideration the particularities of the urban climate, such as the effect of enhanced temperature, or urban heat island (Souch & Grimmond, 2006) , averaged at +2-3°C for most cities (Arnfield, 2003) . Nevertheless, there is great seasonal variability in urban microclimate with some cities experiencing urban heat islands of almost +12°C in some periods (Blake et al., 2011) . In terms of future climate, urban heat islands and air quality problems are expected to increase even within moderate climate scenarios (Wilby, 2007) .
Moreover, it is known that cities suffer more heat stress (Gaffen and Ross 1998) and that urban humidity regimes, at far as it has been assessed in the context of urban trees, often mimic drought conditions (Roloff et al. 2009 ). The opposite, urban flooding (Schreider et al. 2000) and urban-induced rainfall (Sheperd 2006) , are also important considerations, yet more research is need to understand how these affect urban trees in the long-term.
Urban habitat conditions already cause particular phenological responses, such as shortening of the growing season and prolongation of the end season (White et al. 2002) and changes in spring phenophases (Roetzer et al. 2000) . There is an expected increase of frequency and intensity of wind events in future climate, which may exacerbate the significant loss of urban forest already caused by wind damage (e.g., Burley et al. 2008; Duryea et al. 1996; Thompson et al. 2011) . Some tree species may be maladapted to these direct impacts as well as to other associated impacts such as insects and diseases, fire, and invasiveness (Johnston 2004) . Insects and diseases have been correlated to the reduction of urban forest canopy cover and reduction of urban forest health services (Donovan et al. 2013) , although their net effect on urban forest services as a whole is still unclear. More frequent and intense fires, particularly in peri-urban areas (Ligeti, 2007) , and increased invasiveness of species (Smith et al. 2012) , which may affect ecosystem dynamics in naturalized urban forest areas, are also expected.
Climate exposure of urban trees can be characterized (Table 1 ). This characterization does not mean to prescribe all the required elements of a vulnerability assessment, but rather clarifies and categorizes the most important elements that may be included.
Ultimately, the detailed level of exposure and impact can only be determined at the local level (Schneider et al. 2007 ). For instance, while sea-level changes may only apply to coastal cities, snow events are only applicable to particular latitudes and altitudes.
However, this characterization of exposure is simple and comprehensive enough to cover most of the relevant climate vulnerability themes for any urban forest.
Urban Forest Sensitivity And Adaptive Capacity To Climate Change
Urban forest sensitivity and adaptive capacity can be characterized under two theme clusters: ecological and social. The ecological cluster receives most of the attention, since trees will have mainly biophysical reactions to the change in climate. Ecological sensitivities and adaptive capacities in forests are exhibited at the species level, capturing the responses to climate change at the tree species level, and at the habitat level, capturing the broader ecosystem responses ). These two facets depend on forest structure, which refers to the species composition, age structure, health status, location, phenology, ecological linkages, and reproductive abilities Williamson et al., 2009) . Moreover, any urban vulnerability assessment would be incomplete without full consideration of the wider community, since social engagement and knowledge, economic issues related to budgeting and valuation, and institutional and political issues related to governance and policies are important in the management of urban services (Wilby & Perry, 2006) . In combination, these factors provide the broader management direction of the biophysically oriented adaptive strategies that may be identified by discussing ecological vulnerabilities. Below I identify the most important elements of climate sensitivity and adaptive capacity for urban forests (Table 2) . Again, this characterization does not prescribe the required elements for a vulnerability assessment, but rather clarifies and categorizes the most important elements that may be included. 
Ecological
Because the ecology of urban trees can be partially understood through natural and hinterland forests, this discussion is informed by climate change and forest issues, although the emphasis is on urban-forest specifics.
Species Structure
The species composition of the urban forest seems to draw the most attention in determining climate sensitivity. This is unsurprising since forest resilience depends on its functional diversity, which is determined by its species composition (Holling, 1973; Peterson et al., 1998; Petchey & Gaston, 2009 ). Sensitivity at the species level in forests depends on tree diversity and representativeness, growth and reproduction, phenology, and physiological needs (e.g. temperature, hydrology, wind, and fire regimes). Sensitivity notwithstanding, evolutionary responses of tree species to climate change are expected, and some individuals and species may be better suited for the current climate than others (Bradshaw & Holzapfel, 2006) . This adaptive capacity at the species level depends on plasticity, dispersion, and evolutionary potential, which may in turn depend on population size, species distribution, generation type, and intra-species genetic diversity (Hamrick, 2004; Bradshaw & Holzapfel, 2006; Schwartz et al., 2006) .
Some of these concepts have meaning in urban forest vulnerability. Urban forest structure is mainly characterized by low species diversity (Nowak, 1994) . In Canada, a few dominant species represent approximately 50-70% of the urban forest in some cities (e.g. Kenney & Idziak, 2000) . A homogeneous urban forest is intuitively more vulnerable to climate change because of the higher risk of tree loss due to species-specific threats, such as insects and diseases like the Emerald Ash Borer (Poland & McCullough, 2006) .
Moreover, many urban tree species may be unsuitable for the predicted future climate because of their climate range (Yang, 2009) or moisture sensitivities (Roloff et al. 2009 ).
Because of this, urban forest adaptation can be geared towards optimizing species mix following a wide range of criteria including a balanced representation of species, genetic diversity, and other physiological criteria such as searching for southern propagules for northern countries (Yang 2009) , and drought, frost (Roloff et al. 2009 ), wind (Kontogianni et al., 2011) , and salinity (Florgård, 2000) resilience. Phenological considerations come into play, such as sensitivities to extreme or variable microclimatic conditions that already cause particular phenological responses (see exposure and impacts). Some growth and reproductive issues are also considered, such as rapid regeneration, which may be useful to counteract climate variability (Petchey & Gaston, 2009) , and reproductive strategies and succession stages, which may be more or less favoured, as in the case of pioneer species (Hamrick, 2004; Bradshaw & Holzapfel, 2006) .
Although species selection based on resistance to insects and diseases and urban habitat, and other growth and reproductive factors, is crucial for understanding climate vulnerability, other elements of urban forest structure may be important to consider.
Taking examples from forest vulnerability assessments, the vulnerability of tree species may also be related to fragmented populations, endemic rare species, and low populations (e.g. Aubry et al., 2011; Brandt et al., 2014) . Considering this, tree representativeness and location and connectivity seem to be additional sensitivity elements. Given that location and connectivity are attached to habitat conditions, I discuss this element in the next subsection. As for tree representativeness, the concept adds to the notion of optimal species diversity and refers to increasing population sizes for a number of species categories, the most important of which are native and age class. Native tree species diversity captures the importance of rare and endemic tree species. This does not necessarily mean that native tree species do better in an urban environment -this can only be determined on species-by-species basis and on the particularities of the urban forest conditions. Rather, it refers to two practical considerations: 1. climate change will stretch the boundary at which nativeness is defined by influencing forest range shifts, which has practical meaning for tree survival since cold-adapted species will not do well in a future climate; and 2. the adoption of ecological principles into tree species selection (Ware, 1994) , such as enhancing ecological integrity (Ordóñez & Duinker, 2012 ) and conserving endemic rare tree species (Stewart et al., 2009) . Age class diversity captures the notion that seedlings and older trees may be less adaptable than mid-age trees (i.e. trees at the highest rate of growth), and other issues related to rapid regeneration mentioned above.
Clearly, how these factors are specified at the local level depends on the particularities of the urban forest under consideration and the level of naturalization desired, which I discuss in the next subsection.
Habitat and Ecosystem Dynamics
As important as abating species-level mal-adaptation is to enhancing resilience, trees are still a key part of many ecosystems. Not only are most urban forest environmental benefits the outcome of there being a lot of trees (e.g. carbon sequestration, Nowak et al., 2002) , but urban forest dynamics at the ecosystem level could affect the ecological processes of surrounding forests (i.e. rural forests) in the climate to come (Woodall et al., 2010) . Taking an ecosystem and habitat perspective means moving beyond individual tree-species sensitivity and adaptive capacity and assessing the vulnerability of the ecosystem as a whole (Williamson et al., 2012b) . In forests this means taking community structures such as connectivity of urban forest patches, ecosystem dynamics such as competition, and ecosystem processes such as seed dispersion, decomposition, and nutrient cycling, as key components of vulnerability (Opdam & Wascher, 2004) . Ecosystem-and habitat-level dynamics have some meaning in urban forests. Some urban trees, particularly those in streets, are highly stressed (Nowak et al., 2004) . Besides direct human disturbance, such as destructive building activities (Florgård, 2000) or bad tree pruning, the most evident stressors for street trees are small root space and soil compaction, poor soils, and poor provision of water (Sieghardt et al., 2005) . Other stresses include the urban heat island, which causes some tree species to be mal-adapted (Sukopp & Wurzel, 2003 ; see also exposure and impacts). Together, stressors lead to artificially shortened life spans for street trees, in comparison to their expected life-spans, which is species-specific (Nowak et al. 2004) . Beyond individual street trees, urban dynamics, which include human decisions, have negative effects on tree species diversity at the ecosystem level, with many urban forests in North America being dominated by a few tree species (see species vulnerability section). Finally, and beyond highly urbanized environments, urban trees in more naturalized environments are affected by fragmentation, caused mostly by urbanization, which influences many ecosystem processes, such as seed dispersal, negatively (McDonnell et al., 1997; Matlack, 1997; Kostel-Hughes et al., 1998; Heckmann et al., 2008) . Taking this into consideration, climate change can be seen as an added stressor to the ecosystem in contrast to the effects of human-induced stressors. However, the degree to which one stressor is more important than the others is specific to the site and the tree. Ultimately, the determinant factor behind urban forest structure and function is human influence (Nowak, 1993) . The idea here is to demonstrate how climate change can become a significant factor of stress for urban forests given their vulnerability at the ecosystem and habitat levels.
In contrast, other trees, particularly those already established in private lawns or parks, grow to be, in some cases, significantly large trees, again in comparison to their expected size or life-span in hinterland areas. Here the determinant factor can be a combination of human tending, fertilizers in the soil, or urban microclimatic effects, and may be site-and tree-specific (McPherson & Peper, 2013) . Moreover, tree species diversity is high for some urban forest sites, particularly parks (Bourne & Conway, 2014) , and is being driven by changing landscape patterns in urban areas (Nielsen et al., 2014) . This shows that although tree species diversity may be low at the ecosystem level, it is high at the habitat level, demonstrating that urban forest structure is highly differentiated. In many cases, and at the fine scale of an individual tree's biomass, or at the level of a particular landscape pattern, such as a park or private treed lawn, it can be argued that the influences of urbanization have a positive effect on urban forests. This is an important consideration, for these dynamics may compensate or mitigate the negative impacts of climate change. However, there is not enough evidence to draw from to illustrate how humans compensate for negative weather impacts on urban forests as a whole, such as watering private trees in a dry season, or draining soils during high rainfall. More research is needed to understand how human decisions mitigate or abate the negative effects of weather occurrences. This is related to the social dimension of urban forest vulnerability, which is discussed in the next section.
Based on this brief discussion, it is evident that another way to interpret ecosystem and habitat issues in considering climate sensitivity and adaptive capacity in urban forests is the degree of naturalization. Elements of naturalization may include reducing stress, Connectivity and location encompass the arrangement of trees in relation to grey infrastructure and to each other. Together they capture the notion that many trees do not thrive in fragmented and highly urbanized environments (McKinney, 2002; Prasad & Badarinath, 2004) and that trees may cause damage to infrastructure if under stress or not properly tended (Lyytimaki et al., 2008) . Increasing the size of tree communities, or urban forest patches (Wilby & Perry, 2006) , promoting corridors and greenways, and planting trees in adequate sites according to their relation to infrastructure are ways to naturalize urban forests. Naturalization enhances ecosystem processes that are relevant to forest integrity at the habitat level. Naturalized spaces allow for increased seed (O'Brien et al., 2012) and tree (Nowak, 2012) recruitment, less biological homogenization (McKinney, 2006) , better soil quality (Millward et al., 2011) , and, at least theoretically and based in hinterland forest dynamics, higher genetic diversity (Hamrick, 2004) . Other, less-technical aspects of naturalizing urban forests may also be influenced such as the provision of aesthetic (Nordh & Østby, 2013) and psychological (Peckham et al., 2013) values. Although realistically some urban trees may still need artificial care, assessing the level to which the urban forest is naturalized is a way to get into climate vulnerability without necessarily stressing naturalization as a normative notion for urban forest management in general.
Social Access, Awareness, and Engagement
Urban forest vulnerability to climate change not only has meaning in the biophysical context, but also in the social context. Social issues reflect the fact that urban forest management is a social enterprise. For instance, public access to the urban forest resource, and community awareness and engagement are social themes that affect the way urban forest services are managed. Resource access is ultimately an expression of social equity, which is a prominent issue in climate vulnerability (Smit & Wandel, 2006 ).
This does not escape urban resources, which are distributed unevenly (Tyler & Moench, 2012) . In the case of urban forests, urban tree canopy cover can be correlated to higher income, higher levels of education, age of neighbourhood (Heynen & Lindsey, 2003; Pham et al., 2013) , and inversely correlated to ethnic minorities and home ownership (Landry & Chakraborty, 2009) , among other social factors influencing resource distribution. This has serious consequences for the way some benefits are provided, such as climate amelioration (e.g. Streiling and Matzarakis, 2003) , health (e.g. Donovan et al., 2013; Schipperijn et al., 2013) , and amenity values (e.g. Donovan & Butry, 2010) , although for many benefits it is difficult to distinguish between provision at the street or neighbourhood level and the coarse municipal level. Nonetheless, equal access to the urban forest resource contributes to addressing social sensitivities to climate stress.
Another social issue relevant to urban forest vulnerability is community awareness and engagement. Awareness can be fostered by the formal institution of management or through community-based groups, and through educational and informational activities, such as community courses, websites, pamphlets, and workshops. Community engagement refers to the existence of community groups, volunteer programmes, such as for planting, and community-based steering committees. Community groups, such as resident associations, are considered a luxury activity (Hope et al., 2006) , since they are dependent on property ownership, income level, among other factors (Lorenzo et al., 2000; Conway et al., 2011) . Nevertheless, they help raise awareness and empower citizens in relation to their urban trees (McLean & Jensen, 2004) . This addresses resource continuity in management by referring to both public and private trees, which is crucial, for about half of the urban forest resource in North America is privately owned (e.g.
Dwyer & Nowak, 2000; Kenney & Idziak, 2000; Nowak et al., 2001; Kuser, 2007) .
Although there is still much to understand about the governance dynamics displayed in formal and informal institutions behind urban forest management (Mincey et al., 2013) , it is assumed that de-centralization of governance enhances resilience to climate change, since community awareness and engagement will ultimately result in more tree planting and protection, more public consultation, inclusion, and empowerment, and raising the level of importance of the urban forest within public administration (BC-MCSCD 2010,
Ligeti 2007).

Economic
A low budget is at the top of one's mind when one thinks of what makes the urban forest vulnerable to threats. In a planned and anticipated adaptation strategy, planting more trees, providing incentives for planting or replacement, selecting species better, producing information pamphlets, and allocating emergency funds may all take a negative toll on the urban forest management budget. Indeed, having the economic means to undertake climate adaptation measures is a crucial factor of vulnerability (e.g. Yohe & Tol, 2002; Adger et al., 2004; Klein et al., 2007; Schneider et al., 2007 ). Yet, however important it is to secure funding for urban forest enhancement and maintenance activities, it is difficult to predict whether a bigger budget will mean a more resilient urban forest.
Besides the correlation of income and urban canopy cover at the neighbourhood level,
there is yet no empirical evidence whether a city with higher per capita income is correlated with a higher quality urban forest. In fact, many urban centres with low income and budgets may display a good quality urban forest by all ecological and environmental measures simply by virtue of their immense natural forest remnants. This may be the case of cities in developing countries, although that is being challenged by increased urbanization in developing countries (Muthulingam & Thangavel, 2012; Chen & Wang, 2013; Andrade et al., 2013) .
Besides budget, the economic activity associated with ecosystem management would make it vulnerable to change (Williamson et al., 2012a) . In the case of forests, forest management takes its technology, resources, and institutional capacity from a system that is dependent on a centralized structure that determines its functionality, capital (i.e.
financial, educational, property rights, and personal security), and information management (Johnston & Hesseln, 2012) . Such systems are less resilient to change given their socioeconomic inertia caused by a centralized and bureaucratic decision-making process, knowledge sharing, and resource allocation. Thus, reducing vulnerability implies increasing resourcefulness and cost-efficiency. This may involve, for example, pursuing economic independence from centralized budget allocations by seeking additional funding sources from provincial or federal agencies, the adjustment of institutional budget to specifically address climate adaptation, the adoption and/or development of technology and innovation, and addressing cost-efficiency (BC-MCSCD 2010 , Ligeti 2007 . The existence of a carbon accreditation programme may also be included here, situated under adequate ecological considerations (Freedman & Keith, 1996) .
Finally, a note must be made about economic valuation as a factor of climate vulnerability in urban forests. Economic valuation estimates urban forest ecosystem services in monetary terms and therefore makes it easier to facilitate economicallyoriented decision-making in urban forest management (e.g. Tyrväinen, 2001; Oleyar et al., 2008; Young, 2013) . Economic valuation has contributed to elevating urban trees to the level of urban service infrastructure (Nowak, 2006; Skärbäck, 2007) . In many ways, the economic valuation of urban forest services helps not only to elicit an economic measure of climate impact, but also to develop a cost-benefit analysis of climate change adaptation practices. Together, these indicators come closer to the heart of economic vulnerability of an ecosystem (Eriksen & Kelly, 2007) .
Institutional and Political
What is done by the municipality is still the main focus of urban forest management.
Municipal management can muster economic efforts, coordinate stakeholders and actors, harmonize municipal policy, and give a general direction to the management of urban trees. However, municipally-based management of climate vulnerability is challenged by an uncoordinated institutional framework, fragmented ownership and governance, and a limited budget (McCarney et al., 2011) . It is also hindered by quality of knowledge and political will. Institutional knowledge contributes to climate vulnerability (Adger, 2001) and can be assessed by the quantity, diversity, and level of skill of the staff employed (Williamson et al., 2012b) . This is applicable to urban forests, together with the degree of tune-in with public opinion (Chapter 3), knowledge of tree inventories (Miller, 1997) , and establishing modelling techniques to understand urban tree responses to climate change (e.g. Whitman et al., 2013) . Climate vulnerability may also involve the existence of municipality-coordinated responsiveness to climate-related threats, such as storms, insects and diseases, and fire. A formal programme in these areas helps divert resources efficiently and formalizes a planned approach to impending climate threats (BC-MCSCD 2010 , Ligeti 2007 . There is also a need for harmonizing municipal policies with urban forest ones by, for example, cementing the use of green infrastructure terminology (e.g.
Nowak, 2006).
We can foresee that urban forest management will be challenged institutionally and politically by climate change in two important ways in relation to governance and policy issues. Preparing for these challenges demonstrates a will to reduce climate vulnerability, and therefore could be considered factors of vulnerability. First, if increasing ecological resilience and reducing impacts of climate change in the urban forest requires planting more trees and selecting adequate tree species, then many municipalities will find it challenging to meet their needs if local tree nurseries cannot produce enough of the right kinds of trees. In addition, with higher temperatures and wind events, pollen allergies may become more common, while wind-thrown trees may become a considerable liability issue for many municipalities. Addressing these issues may require adopting bylaws that simultaneously ensure public safety and prevent urban canopy loss.
Obviously, whether a municipality has the ability to address liability by adapting existing tree bylaws may depend on the characteristics of urban forest management in each city. 
Considerations
Adaptation to climate change in urban forests implies taking management decisions with a predicted climate scenario in mind and adjusting to uncertainty. The focus of this review has been to understand urban forest vulnerability to climate change and its reduction as an adaptation strategy. I argue that to provide the best possible chance for sustaining the urban forest in a rapidly changing climate, it is essential that managers have the ability to identify what they need to do differently in the future, that is, which existing strategies and activities continue to make sense from a climate adaptation perspective. CCVAs are a key tool for informing adaptation planning and management (Füssel & Klein, 2006; Kelly & Adger, 2000) . After discussing the themes behind urban forest vulnerability to climate change (see Tables 7.1 and 7 .2) I now discuss the general characteristics of CCVAs for urban forests and outline some key considerations.
Principles, Goals, and Outcomes
Developing and applying CCVAs to the urban forest will provide four essential contributions, as noted by Glick et al. (2011) : First, CCVAs help identify which elements of the urban forest are likely to be most strongly affected by projected changes. Second, they help identify why these elements are likely to be vulnerable. Third, they help identify areas of future research. This is perhaps one of the main purposes of CCVAs in general, for it is the most common outcome when they are undertaken (Glick et al., 2011) . And fourth, CCVAs provide critical information on where to put adaptive efforts, which may include: 1) building resistance to climate-related stressors; 2) enhancing resilience in order to provide the system with a better chance for accommodating and weathering changes; and 3) anticipating and facilitating ecological transitions that reflect changing environmental conditions (Walker et al., 2004) . CCVAs also allow us to inform and craft adaptation strategies to allocate resources where they are most needed. At the least, CCVAs help us understand the direction of change in the urban forest's future and the factors that contribute to that change (Turner et al. 2003) . This may imply whether there will be less or more urban forest, or less or more tree species in it.
Methodologies
Any CCVA must move towards an identification and assessment of sensitivity, and adaptive capacity, and elicit adaptive strategies that enhance resilience rather than resistance. Methodological approaches to a CCVA must fit this general framework.
Methods for undertaking CCVAs are based on models. These can be quantitative (e.g. using numeric indexes, response simulations, statistical validations), qualitative (e.g. using narratives and conceptualizations), or a mixture of both. On the one hand, quantitative assessment models can be based on ecological response models. These can vary between the conceptual characterization and expert-opinion based models to those based on mathematical modelling of habitat distribution, vegetation-habitat response, and physically-based constraints, among others (Glick et al. 2011 ). Such models can handle and synthesize large amounts of data to produce real numbers, indexes, or maps (e.g. Metzger et al., 2005) . They can also be used to develop a one-size-fits-all assessment for comparison with similar systems, and in the case of the topic here, across cities and urban forests. Hitherto there is no comprehensive model for assessing urban forest vulnerability that addresses the diversity of factors discussed here. One could use models to capture one of the vulnerability themes, for example, the conceptual characterization and expertopinion rating models that exist for individual tree species assessments (e.g. Young et al., 2011) . They have the advantage to be simple enough to facilitate decision-making, but are not the sole basis to assess vulnerability of the whole ecosystem. Moreover, many quantitative models find it difficult to capture social and institutional indicators of vulnerability since many of these are difficult to translate into numeric terms.
On the other hand, qualitative models can be based on narratives and scenario analysis as ways to think about the future in words and not just in numbers (Swart et al., 2004) .
Qualitative scenario analysis can be used to explore issues of vulnerability and adaptation via participatory processes that can lead to a number of insights that simplify and clarify (Berkhout et al., 2002) . Such collaborative efforts are ultimately abstracted mind games based on a socially constructed image of reality, but can come close to being socially valid if explored jointly by multiple stakeholders and experts. These models are useful for capturing information that cannot be quantified, integrating social and ecological themes, exploring direction of thought in relation to climate change, and, if anything, providing a learning moment for managers (Gleeson et al., 2011) . Since the realm of urban forest vulnerability to climate change is just taking off, this may be a good first stage for urban forest CCVAs since they can capture the totality of the climate threat and the totality of the urban forest system. These can also serve as a basis to develop numeric-based assessment models for particular vulnerability elements.
Limitations and Uncertainties
There are limits to what CCVAs can do for ecosystem management. They do not provide priorities for management, as these are ultimately informed by the urban forest values of the citizenry and experts (Glick et al. 2011) . They also do not provide an estimate of extinction risks or serve as the sole basis for assigning a species a risk status to a species.
Rather, CCVAs provide a theoretical underpinning for differentiating whether an element of the urban forest will thrive or decline (Turner et al. 2003) . Moreover, adaptation planning functions at a broader scale than CCVAs. In so saying, these assessments may provide insights into the relative vulnerabilities of urban forest elements as well as on the non-climatic factors that affect it. Some of these may go to the next level of identifying adaptive management responses, but others do not. Adaptive responses may also choose to focus on other vulnerabilities and stressors rather than those delineated by CCVAs due to practical or ideological reasons.
Finally, when undertaking CCVAs, we need to consider that we do not know the absolute magnitude of climate change and have no empirical basis to know exactly how urban forests may respond to it. We also do not know how our cities will continue to grow and evolve in the coming decades, or whether there will be cultural shifts that reduce or increase the importance of urban trees in society. However, uncertainty, or the expression of the degree to which a value is unknown because of disagreements of what is known or even knowable, should not limit CCVAs and the development of adaptive options (Morgan et al., 2009) . It is important not only to develop a language for addressing uncertainty in CCVAs, but also to consider the degree of confidence we might have in the conclusion of an assessment (Walker et al., 2003) . The language used in the Intergovernmental Panel for Climate Change (IPCC) reports (IPCC 2007 ) is useful in this regard. It is important to remember that the least a CCVA can do is to tell us the direction of change and what factors are contributing. In the urban forest context, this may mean whether we expect more or less urban forest, species diversity, and survival rates, for example.
Conclusion
Assessing the vulnerability of urban forests to climate change is a crucial step in understanding climate adaptation in urban forests and to increase the success of urban adaptation to climate change through the use of urban trees. Such assessment is incomplete if one stops at the level of impact assessment. By that we mean the assessment that identifies the impacts of climate change on urban forests and the ways to mitigate them. In urban forests, mitigating climate impacts may mean, for example, striving for higher species diversity if the urban forest is threatened by a species-specific insect or disease. Such an assessment adds climate considerations to a management strategy, but does not systematically assess the factors of susceptibility to help gear adaptive responses.
Here we have framed the types of themes that may be included in such an assessment for the urban forest. We recognize that vulnerability assessments must be done at the local level and probably start from a qualitative, collaborative, and conceptual exploration of vulnerability of urban forests to climate change. These explorations may lead towards a quantitative evaluation of more specific vulnerability elements, such as for building biophysical response models. As urban forest management becomes more and more important in climate adaptation for cities, vulnerability assessments can bring climate change to the forefront of the decision-making process in urban forest management, and urban forests to the forefront of urban climate issues. We encourage urban forest managers to develop incisive assessment methods based on this general framework, which will help them address the most important themes behind climate change and urban forests.
